The aim of the study is to see whether corrosion of metallic implants in a living body is related to metal sensitivity reactions. As model materials, we prepared iron (Fe)-chromium (Cr) binary alloys containing various amounts of Cr, having different corrosion resistance. As a comparison, 316L type stainless steel (SUS316L) was used. These specimens were subcutaneously implanted into rats, and the tissue reactions around the implants and the sensitivity to Cr were evaluated by histological examination, patch testing and lymphocyte proliferation tests. After 4 months implantation, there was rust on the surface of all 10%Cr-Fe alloys, three 15%Cr-Fe alloys and one 20%Cr-Fe alloys out of 4 specimens per each group. There were no significant toxicological sign in any of the animals. Tissue responses, such as extent of hemorrhage and frequency of inflammatory cells in or around the fibrous capsule, were scored and the sum total score was determined. With regard to total score of tissue response, no significant difference was found among the groups. Concerning the thickness of fibrous capsule, 10% and 20%Cr-Fe alloy group was somewhat higher than other Cr-Fe alloys and SUS316L, but there was not significant difference. In the histological examination of tissue responses, the sign of metal sensitivity could not be obtained. Although there was no significant difference in the lymphocyte proliferation activity by addition of potassium dichromate (K 2 Cr 2 O 7 )-solution among the implanted groups, two animals exhibited positive skin reactions by topical challenge with K 2 Cr 2 O 7 in 10%Cr-Fe alloy-implanted group. In 15% and 20%Cr-Fe alloy groups, each one showed a skin response. The skin reaction observed was mainly edema that is characteristic of metal allergy. This suggests that some animals were sensitized to Cr by the implantation of easily corroded Cr-Fe alloy, and the corrosion products of metallic devices in body fluid is likely responsible for development of metal hypersensitivity.
Introduction
A wide variety of metallic implants have been used in orthopedic practice currently include fracture fixation plates and rods, bone screws, and joint replacement devices. These products are used inside the body for a long time. Most of these devices are made of stainless steels or cobalt (Co)-chromium (Cr) alloys. In general, these available metallic alloys used in orthopedic surgery have excellent corrosion resistance, and believed to not to cause any local and systemic responses. 1) However, fretting corrosion of metallic implants has been sometimes found in contact with biological system, 2) and these causes the release of metallic ion from the implants. The elevated level of metal ion was found in blood, urine and tissue of the patients and animals those received metal implants. [3] [4] [5] [6] The corrosion products and highly concentration of metallic ion, for example nickel (Ni), may cause inflammatory reaction surrounding the implanted alloys. [7] [8] [9] [10] The components of these alloys, such as Cr, Co and Ni, are known to be contact allergens. 11) Ni sensitivity is most frequent, followed by Co and Cr in human population. The sensitization potential of Ni was not so strong, [11] [12] [13] [14] but the high incidence of Ni allergy is thought to be caused by the increased opportunity to contact to Ni. 15) Cr allergy especially occurs among cement workers, Cr platers and workers dealing with leather tanning. 16) This also means that the human population that have opportunity to contact with Cr likely become Cr allergy. The patients those implanted metallic alloys always carried Cr, and they would have a risk to Cr sensi- * Present address: Japan Tabacco Inc., Tokyo 130-8603, Japan.
tivity if Cr ion leaches out from implanted alloys in a living body. 17, 18) Some cases of metal hypersensitivity concerning to orthopedic metallic implant have been reported. [19] [20] [21] It is suspected but not confirmed that released ions from the metallic implants truly cause metal allergy. 22) The purpose of our study is to see the corrosion of metallic implants in a living body would be related to the metal sensitivity reactions. We prepared iron (Fe) alloys containing various amounts of Cr as a model, and implanted these into rats. After implantation, we performed histological examination of tissues surrounding the implants, and evaluated the sensitization potential by patch test and lymphocyte transformation test.
Materials and Methods
Test materials: Iron (Fe)-chromium (Cr) binary alloys with various Cr compositions (10%Cr-Fe alloy, 15%Cr-Fe alloy, 20%Cr-Fe alloy, 30%Cr-Fe alloy), pure Cr (100%Cr) and 316L type stainless steel (SUS316L) were prepared for the present study. The stainless steel was obtained from Daido Steel Co., Ltd. (Nagoya, Japan). Cr-Fe alloys and pure Cr were made from electrolytic Cr (> 99.98% mass percent purity) and/or electrolytic Fe (> 99.9% mass percent purity) by arc melting with non-consumable tungsten electrode on a water-chilled copper hearth under an ultra high purity argon atmosphere. 23) To prevent a macroscopic gradient of composition by insufficient mixture, ingots were turned over and remelted at least five times. The specimens with dimension of 10 mm × 20 mm × 1 mm with slightly round edges to min-3066 Y. Ikarashi et al. phocyte in the fibrous capsule formed around the implant, and (8) infiltration of inflammatory cells around the fibrous capsule was evaluated. The intensity of these histological items was ranked as − = non (0), + = low frequency (1), ++ = moderate frequency (2) and +++ = high frequency (3) , and the total of the score of eight items was derived. The thickness of fibrous capsule formed around the implant was imize mechanical trauma during implantation were cut out from button ingots using a silicon carbide wheel cutter. The plate specimens were polished mechanically to a mirror finish using emery papers (gradually finer, ending up with 600 grit) followed by 0.03 mm alumina paste. Each specimen was sterilized by dry heat.
Animals: Female F344/DuCrj rats, 5-weeks old, were obtained from Charles River Japan Inc. (Kanagawa, Japan). Animals were housed in air-conditioned facilities (temperature 23 ± 2
• C, relative humidity 55 ± 5%, light cycle 12 h/day). The Diet (F-2, Funabashi Farm Co., Chiba, Japan) and water were available ad libitum throughout the experimental period. After a 1-week acclimation period, all animals were used for the implantation test.
Implantation: Groups of rats (n = 4) were inserted a specimen subcutaneously into the right side of the shaved back. Control animals were treated by sham operation with no implantation of an alloy. During experimental period, body weight and health conditions were monitored.
Patch test: At 4 month after implantation, 10 µL aliquots of 0.5% potassium dichromate (K 2 Cr 2 O 7 ) in 25% ethanol solution or 25% ethanol solution alone was topically applied on the shaved skin of the back. The skin response of animals was determined by visual assessment 24 h and/or 48 h after challenge. The sensitization rate (number of animals judged as positive/total number of test animals) was also derived.
Spleen cell blastogenesis: At the end of the experimental period, spleen was collected from each animal. A single cell suspension of spleen cells was prepared by mechanical disaggregation through sterile 200-mesh gauge, and treated with 0.83% ammonium chloride-tris solution (pH 7.65) to hemolyze. The cells were washed twice with Hanks' balanced salt solution, and resuspended in RPMI-1640 culture medium supplemented with 25 mmol/L N -2-hydroxyethylpiperazine-N -2-ethanesulfonic acid, 100 units/mL penicillin, 100 µg/mL streptomycin and 10% fetal bovine serum. The cell suspensions ( • C in a humidified atmosphere of 5% CO 2 in air. Culture was terminated by a semiautomatic cell harvester, and the 3 HTdR incorporation (counts per minute, cpm) was determined by a liquid scintillation counting.
Histopathlogical examination: At the end of the experimental period, the animals were anesthetized with diethyl ether and killed by bleeding. Spleen, liver, kidney and the tissue surrounding a specimen were excised from each animal. These tissues were fixed in 10% formalin and embedded in paraffin. After removing the specimen, the tissue was sectioned and stained with hematoxylin & eosin for microscopical examination. The tissue responses, such as (1) extent of hemorrhage, distribution of (2) fibroblasts, (3) neutrophiles, (4) basophiles, (5) macrophages, (6) giant cells and (7) lymsponse was assessed as incorporation of 3 HTdR into the cells. There was no significant difference in the lymphocyte proliferation activity among these groups. Addition of K 2 Cr 2 O 7 solution did not stimulate the lymphocyte proliferation in all implanted groups. We think that the sensitivity of in vitro lymphocyte proliferation test may be insufficient in defining Cr sensitization (Fig. 5) .
Patch test is today the most widely used for evaluating contact allergy to chemicals. To assess the sensitization to Cr, we topically applied K 2 Cr 2 O 7 solution on the shaved skin of analso measured.
Results
Photographs of test material specimens before implantation and after 4 months implantation were shown in Fig. 1 . There was rust on the surface of all 10%Cr-Fe alloys, three 15%Cr-Fe alloys and one 20%Cr-Fe alloys out of 4 specimens per each group. One 100%Cr specimen was broken in the body during implantation period. Brown-colored spots were seen on the surface of one of SUS316L ( Fig. 1(f) No. 2). These were not rust, but the surrounding tissues those were not removed by washing of the implant. No significant visual change on the surface of 30%Cr-Fe alloys was found.
There were no significant difference in increases of body weights between the controls and implanted groups during experimental period. In addition, relative organ weights of thymus, spleen, liver and kidney to body weight were not significant different among these groups after 4 month implantation (data not shown).
Photograph of histological section of the tissue around 10%Cr-Fe alloy 4 months after implantation was shown in Fig. 2 . The central lumen was the extraction mark of implant. The implant was encapsulated with fibrous membrane. Figure  3 showed the image of Fig. 2 at high magnification. This material induced a strong inflammatory response. In the fibrous capsule, rust deposition and aggregation of macrophages that scavenged the rust or inflammatory cells were seen. Histological section of tissue surrounding stainless steel SUS316L was shown in Fig. 4 . This tissue response to stainless steel was weaker than that to 10%Cr-Fe alloy as shown in Fig. 3 . Rust deposition and macrophages that scavenged the rust were not found. The frequency of inflammatory cells was somewhat low. Tissue responses, such as extent of hemorrhage and distribution of inflammatory cells in or around the fibrous capsule, were ranked for each material. The thickness of fibrous capsule formed around the implant was also measured. Table 1 showed the histological finding of the tissues around the test materials after 4 months implantation. With regard to total score of tissue response, no significant difference was found among the groups. Concerning the capsule thickness, 10% and 20%Cr-Fe alloy groups were somewhat higher than other alloys and stainless steel, but there was not significant difference. There was no correlation between thickness of fibrous capsule and total score of tissue response. The tissue reaction was not related to the content of Cr in the material.
Lymphocyte blastogenesis is an in vitro indicator for assessing immune function and provides information in the diagnosis of contact allergy. Spleen cells from rats implanted each material were cultured for 48 h and the proliferation re- Tissue Reactions and Sensitivity to Iron-Chromium Alloys 3069 imals. Preliminary irritation test was performed to determine the concentration of the chemical for challenge. An aliquot of 0.5% K 2 Cr 2 O 7 in 25% ethanol solution was applied and skin response was observed. In 10%Cr-Fe alloy-implanted group, two animals exhibited positive skin reactions, and were estimated to be sensitized to Cr. The skin reaction observed was mainly edema that is characteristic of metal allergy (Fig. 6) . In each 15% and 20%Cr-Fe alloy groups, one out of 4 animals showed a skin response. All animals in other three groups did not show any responses (Table 2 ).
Discussion
Topical application of metal salts to animals caused allergy, but it is well unknown that release of metal ions from the alloys implanted into body cause metal allergy and clinical complications. 22) This study performed to clarify that the metallic alloys implanted would concern to the development of metal sensitivity, and the metal sensitivity would be related to the corrosion of the material, release of metallic ion and tissue reactions around the implant. As a model system, we prepared Cr-Fe alloys with various Cr contents those had different corrosion resistance. Stainless steel, as a reference material, contains about 18% of Cr, but has high corrosion resistance by addition of other components such as molybdenum. 24) Oron and Alter followed up corrosion in metal implants in rats for period after insertion, and detected the corrosion as early as 1.5 months.
2) Our collaborators, Doi et al. investigated that in vitro release of metal ions from metal alloys in saline or 1.0% lactic acid solution at 37
• C for 7 days incubation. 25) With immersion in saline, a 15%Cr-Fe alloy was corroded most in the alloys tested. The 10% and 20%Cr-Fe alloys also suffered corrosion, and about 1-2 µg/mm 2 of Cr ion released. With in 1.0% lactic acid solution, maximal release of Cr ion (about 9 µg/mm 2 ) was recorded in 10%Cr-Fe alloy, and little release from other materials. The release of Cr ion did not correspond to the content of Cr in the material. The elution pattern of Fe ion from the alloys into saline or lactic acid solution was similar to that of Cr ion. The amounts of Fe ion released were maximal from 10%Cr-Fe alloy in 1.0% lactic acid solution, and from 15%Cr-Fe alloy in saline. Compared with Cr ion, larger amount of Fe ion was detected. From the 10-20%Cr-Fe alloys with im- Group of rats (n = 4) were inserted a sample subcutaneouly into the right side of the shaved back. After 4 months implantation, rats received 10 µL of 0.5% potassium dichromate in 25% ethanol solution on the shaved skin of the back. At 24 or 48 h after challenge, the skin response such as erythema and edema was determined by visual assessment. The sensitization rate was positive/total number of animals. mination of metal hypersensitivity after implantation of a metal device. 21) The diagnostic utility of in vivo patch testing needs a knowledge about appropriate applicability of challenge agents and reading of skin reaction at challenge site. Therefore, it is difficult for orthopedists to conduct a patch testing to patients without help of dermatologists. 31) The in vitro lymphocyte proliferation test is thought to be useful for detecting patients who are allergic to metals in orthopedic field. 32) In the present study, addition of K 2 Cr 2 O 7 could not stimulate the lymphocyte proliferation and the mean 3 HTdR incorporation was almost similar among all groups (Fig. 5) . Because K 2 Cr 2 O 7 has strong cytotoxicity, its concentration or incubation time seem to be not enough. Boscolo et al. suggested that trivalent Cr but not hexavalent Cr may be involved in immune response regulation. 33) Other researchers used chromium chloride instead of K 2 Cr 2 O 7 for inducing lymphocyte proliferation. 31) As another cause of failure, we think that the lymphocyte proliferation test may be insufficient sensitivity for evaluation of contact sensitization.
In general, K 2 Cr 2 O 7 has been used for patch testing, because the penetration of hexavalent Cr is better than trivalent Cr, and the hexavalent Cr is reduced to trivalent in the body. We applied K 2 Cr 2 O 7 solution on animals implanted each material, and then observed the skin reaction. In each 10%, 15% and 20%Cr-Fe alloy-implanted groups, animals exhibited positive skin reactions ( Table 2 ). The response observed was mainly edema that is characteristic of metal allergy (Fig. 6) . We could determine the development of metal sensitivity by patch testing. It was reported the differences of results between patch test and lymphocyte proliferation. 32, 34) The sensitivity of patch testing would be higher than that of other test methods, and it may be a cause of difference of the results. It was reported that Ni and Co ions are rapidly transported from the implant site and eliminated in the urine, but Cr is stored in the tissue and eliminated slowly. 35 ) Pazzaglia et al. described that the prevalence of metal sensitivity in patients with orthopedic implants was higher than that in the general population.
3) The amount of release was correlated with the Cr concentration in serum. 17) Hallab et al. reported that the lymphocyte proliferation response was great when stimulated with metal-protein complex.
36) The Cr sensitization was thought to be induced as follows: much amount of Cr ion was released from alloys in early stage of implantation, and high concentration of Cr remained and its protein higher than other alloys and stainless steel, but there was not significant difference (Table 1) . Thickness of fibrous capsule and total score of tissue response were not correlated to the rust deposition on the surface of implant. From this study, we thought that in early period of implantation, strong inflammatory may occur by the deposition, but the injury slowly healed and the reaction becomes low and constant in long duration. In the histological examination, there was no parameter to suggest development of metal allergy. The extensively rust deposition rather concerned to foreign body carcinogenesis.
3)
The rust on the low quality material cause mechanical failure of medical devices.
If allergic reaction appeared in a diagnosis after implantation of a metallic device, contribution of the device on the development of metal sensitivity should be considered. However, there is no generally accepted test for the deterIn vivo implantation, some of the Cr-Fe alloys implanted for 4 months into animals received corrosion (Fig. 1) . There was rust on the surface of all 10%Cr-Fe alloys, three 15%Cr-Fe alloys and one 20%Cr-Fe alloys. The corrosion resistance of the 10-20%Cr-Fe alloys was lower compared with 30%Cr-Fe alloys, 100%Cr and stainless steel. Although over 30% of Cr content in Cr-Fe alloy did not alter the corrosion resistance, but mechanical properties of the alloys under tensile/torsional stress decreased with increasing Cr content. The rust deposition on the surface of each metal sample after implantation was correlated with in vitro Cr and Fe elution pattern from the alloy and the urine Cr and Fe concentrations in early stage. 5, 6, 25) These suggest that the release of Cr and Fe ions occurred in the body as the results of corrosion during implantation in the case of 10-20%Cr-Fe alloys.
We examined the tissue responses to test materials histologically. In previous study, we reported that leaching chemicals from material caused inflammation at implantation site, and the measuring of thickness of inflammatory layer was the most useful parameter for quantitative evaluation of shortterm tissue response. 26, 27) We expected that the corrosion products from low corrosion resistance materials caused a strong tissue response. Rust is metallic oxide and may be formed when there is high humidity in the presence of salt. The oxide of trivalent Cr is green-colored and insoluble in water. In contrast, hexavalent Cr oxide is red-colored and water-soluble. 28) Therefore, the reddish brown substance on the surface of Cr-Fe alloy was thought to be rust that generally formed by oxidation of Fe. Rust is a dramatic finding but its immunological effect was not important, because the contact sensitization to Fe is rare. 28) At the same time, Cr also must be released by corrosion. Lewin et al. did not find any differences in histological finding of tissues to stainless steel between allergic and control animals. 29) Milavec-Puretic et al. also reported that high quality material may be safety used for orthopedic devices, and metal sensitivity does not play a significant role in the loosing of the endoprosthesis. 30) However, it is unknown that low corrosion materials would effect the tissue responses of metal sensitive subject. After 4 months implantation, the specimen was encapsulated with fibrous membrane. Although a little difference in cell type and extent of cell distribution was observed among test groups, the responses were not so strong. Concerning the capsule thickness, 10% and 20%Cr-Fe alloy group were somewhat mersion in saline, 4-10 µg/mm 2 of Fe ion released. With in 1.0% lactic acid solution, 67 µg/mm 2 of Fe ion was recorded in 10%Cr-Fe alloy. For other alloys, the release of Fe ion was little (0.001-0.134 µg/mm 2 ) in each eluting solution. 25) Hamanaka and Tsuchiya et al. studied in vivo release of metallic ions from each material when implanted into animals, and measured Cr and Fe contents in the urine at regular time interval. 5, 6) In early stage until 14-21 day after implantation, the urine Cr content from the animals implanted 15%-20%Cr-Fe alloy was higher than those implanted a 30%Cr-Fe alloy, 100%Cr or SUS316L. For Fe concentration in urine, similar tendency of release was observed. But, after the 28 days, the contents became almost similar level among the test groups. 5, 6) The in vivo release pattern of metallic ions in early period after implantation was almost similar to that obtained in the in vitro release test.
Conclusion
This study using model metallic implants with different corrosion resistance showed that animals were sensitized to Cr by the implantation of easily corroded Cr-Fe alloy. The corrosion of metallic implants participated in the development of sensitization.
